ABSTRACT -The auxiliary resonant snubber inverter (RSI) has demonstrated superiority in reduction of switching losses and dvldt. It was found that the overall inverter system efficiency might not be improved if the resonant current was not controlled in accordance with the load current. This paper proposes an improved control scheme to minimize the operation of auxiliary circuit for efficiency improvement. The principle of this control scheme is to vary the resonant current with variable timing control based on the load current magnitude and to disable the auxiliary circuit operation when diode freewheeling occurs after switching. To illustrate the operation of this control scheme, this paper compares the switching characteristics and inverter power loss of hard-switching inverter, RSI with fixedtiming and variable-timing control and RSI with the proposed control scheme. Experimental results fully agree with the analyses and prove that the proposed control scheme is suitable for RSI to achieve better operating conditions.
I. INTRODUCTION
Recently several auxiliary resonant snubber based inverter (RSI) circuits were proposed to achieve soft switching for high efficiency power conversions [ 1-10]. The basic concept of RSI is to utilize the resonant snubber capacitor across the device to achieve nearly zero turn-off loss with a lower dvldt and to create resonance among the auxiliary inductors and resonant capacitors with an auxiliary switch to achieve zerovoltage turn-on. The auxiliary switch does not turn on until the main switches require a transition from one state to another state. When the auxiliary switch turns on, a resonant pulse diverts the current from upper or lower switch to its opposite-side diode in the same phase leg. After the anti-paralleled diode is conducting, the main switch can be turned on at zero-voltage switching (ZVS). The auxiliary switch is then turned off with zero-current switching (ZCS) when the current in the auxiliary circuit swings down to zero. In the circuit layout, the parasitic inductance and the stray capacitance can be absorbed as a part of resonant components without creating over-voltage or overcurrent penalty in the inverter's main switches. Thus, these soft-switching inverters potentially achieve highefficiency power conversion in a cost-effective way.
Figs. 1 and 2 represent two typical RSIs, i.e., Y-and A-configured RSIs. Although the device contains certain output capacitance, the resonant capacitors are normally externally addled to reduce dvldt and turn-off losses because the device output capacitance is too small to achieving snubbing effect. Among all the RSIs, the latest published one, A-configured RSI is more attractive one because its advantages of high power capability, no floating-voltage or over-voltage penalty on the auxiliary switches, and no need of using additional voltage or current sensors to achieve softswitching operation. However, soft-switching inverters reduce the switching power losses in the main circuit while introducing additional power losses in the auxiliary circuit. It is found that the efficiency of the overall inverter system may not be improved or even worse if the switching frequency is high and the resonant current pulse was not controlled in accordance with the load current magnitude and direction. The case could be more noticeable in low-voltage IGBT based inverters where the conduction loss is a dominant loss factor. Therefore, it is the purpose of this paper to introduce an 0-7803-4489-8/98/$10.00 0 1998 IEEE improved control scheme for RSIs to minimize the operation time of the auxiliary circuit while maintaining ZVS on the main switches. This paper compares switching characteristics for the cases of hard-switching without any snubber, hardswitching with snubber capacitors and soft-switching with resonant snubbers. With the basis of switching characteristics, the paper then explains how to improve the efficiency with the proposed control. Complete theoretical analyses, computer simulations, hardware implementation, and experimental results will be provided. Finally, it concludes that the RSI topology can obtain better efficiency with the proposed control scheme.
SWITCHING CHARACTERISTICS
To measure switching waveforms for both turn-on and turn-off, three types of inverter cells were constructed, as shown in Fig. 3 . Fig. 3(a) is a traditional full-bridge hard-switching inverter cell without any snubber circuits. Fig. 3(b) is the capacitor-snubbed hard-switching inverter cell that allows soft turn-off but worsens turn-on condition. The hardware experiments were implemented step by step. Firstly, a single-phase traditional hardswitching inverter was built. Secondly, with the snubber capacitors added, it turned into the hard-switching inverter with snubber capacitors. Finally, the softswitching inverter was constructed by adding the auxiliary circuit. 
A. Hard-Switching Inverter without Snubbers
It was found that the natural freewheeling of anti-paralleled diode could achieve soft switching the for the main switches. This soft-switching phenomenon can be explained in Fig. 4 (a) . For turn-on, it is clear that the gate signal comes after the device voltage drops to zero, meaning that the device turns on when its antiparalleled diode is conducting. For turn-off, the waveform can be clean if the device current is diverted to the opposite side of the freewheeling diode after the device is gated off.
The widely recognized hard-switching condition can be explained in Fig. 4 (b). During turn-on, the device is to shut off the opposite-side diode current, and thus carrying both the load and the diode reverse recovery currents. During turn-off the device does not carry the current, but the anti-paralleled diode does, and the current needs to be shut off until the opposite side device is turned on. Thus, an abrupt current spike occurs that creates circuit noises which can be seen from the gate signals. This type of switching that involves diode reverse recovery current always draws significant switching noises and power losses. Typical device turn-on current and voltage can be seen in Fig. 5 (a). The device current is nearly doubled with respect to the load current due to the addition of the diode reverse recovery current. Device turn-off current and voltage can be seen in Fig. 5(b) . There is a turn-off over-voltage that is due to the parasitic inductance and sharp di/dt effect. The switching energies for both turn-on and turn-off were obtained by integrating the product of the device voltage and current over the switching period. 
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B. Hard-Switching Inverter with Snubber Capacitors
Fig . 6 shows the measured waveforms for the hardswitching inverter cell with snubber capacitors as shown in Fig. 3(b) . The added capacitors significantly reduce voltage rise-rate during turn-off. However, the device voltage shows a high frequency ringing after switching, which can be attributed to the resonance of the added capacitor and the stray leakage inductance.
(a) Switch turn-off with opposite-side diode taking over the load current and opposite-side switch tuming on at ZVS. Similar to the condition shown in Fig. 4(b) , Fig. 6 (b) indicates that the capacitor snubbed circuit cannot avoid switching problem when the device turns on into opposite-side diode being turned off. The energy stored in the capacitors needs to be discharged during turn-on, and thus creating a large current spike within the device. Fig. 7 shows that during device turn-off, there is a linear capacitor charging period that is similar to the condition in Fig. 6(a) . After this linear region and before the device is fu1l:y turned off, there is a sharp edge showing that the device is being turned off by the opposite-side switch. The two different dvldt values are caused by the turn-on of the opposite-side switch before the capacitor is fully charged. This phenomenon typically occurs at light current conditions. Fig. 7 . The capacitor snubbed hard-switching cell turns off slowly to charge the capacitor, but the opposite-side switch turns on before the capacitor is fully charged, resulting two dvldt values.
C . Soft-Switching RSI
The soft-switching condition differs from the above capacitor snubbed hard-switching by adding auxiliary switching to divert the diode reverse recovery current during turn-on. Fig. 8 shows the measured waveforms for the soft-switching RSI cell. The turn-on waveform indicates that the gate voltage turns on after the device voltage drops to zero, and the anti-paralleled diode conducts. Thus, ZVS turn-on is achieved. The above step-by-step derivation to achieve softswitching indicates that the switching characteristics is improved by adding capacitors to help turn-off, and by adding auxiliary switching to help turn-on. Understanding of such hard-and the soft-switching phenomena is very useful for design improvement of the overall performance of the RSI.
CONTROL SCHEMES
A. Fixed-Timing Control
During the implementation, it was found that the inverter efficiency would be worse than the hardswitching inverter if the resonant circuit timing control were fixed as realized in basic RSI. This is a result contrary to the finding in [4] because unlike using MOSFET as the main device in [4] , the device used here is IGBT that has reasonable diode reverse recovery characteristic, and switching loss reduction by fixed timing control is not significant. The principle idea of fixed-timing control is to charge the resonant inductors with a fixed period before every switching state change. This control scheme is very simple and easy to realize.
B. Variable-Timing Control
If the resonant current is not controlled according to the magnitude of the load current, the auxiliary switch will conduct unnecessary time and draw extra current. Under fixed-timing control, the energy charged to the resonant inductor is always the same during every operation of the auxiliary circuit. If this energy is enough for charging and discharging the snubber capacitors when the load current is at its peak value, it would be more than enough at low load condition. By varying the timing control with load current, the efficiency can then be improved because the auxiliary circuit conduction time is reduced. Fig. 9 shows the load and resonant currents under fixed timing and variable timing control conditions. Fig.  10 indicates the waveform and timing of the resonant current that varies from 4 ys to 7 ps. Efficiency improvement with the variable timing control will be shown later. C
. An Improved Control Scheme
From the switching characteristics of hard-switching inverter, it was found that the soft switching occurred naturally when the device did not have to turn off the opposite-side diode. Thus, the ZVS can be achieved without the operation of auxiliary circuit when the natural freewheeling can be utilized. The improved control scheme is to fully utilize the natural soft switching and to operate the auxiliary circuit with variable timing control to achieve highest efficiency.
Using Fig. 2 (c) as the example, the operation modes for one complete PWM cycle without using the improved control scheme are illustrated in Fig. 11 , while the corresponding theoretical waveforms are shown in Fig. 12(a) .
Mode 0 (t < to) is the initial stage, It is desired to turn off SI and S4, and then to turn on S2 and S3.
At to of Mode 1 (to -t l ) , S,, is turned on, and the resonant inductor current begins to increase linearly which is governed by:
where Lrl = L,, = L, . Thus, the resonant inductor current and hence the main switch current in both S1 and S4 are given by: Since the current in both SI and S4 is the sum of the resonant inductor current and load current, both switches need to draw additional current and consume additional conduction loss in this case.
At tl of Mode 2 (tl -t2), the turn-off of S1 and S4 starts the resonance between the resonant inductors and snubber capacitors. At t2, C1 and C4 are charged to full DC-link voltage while C2 and C3 are discharged to zero, thus providing the zero voltage condition for both S2 and S3. 
where I,, = -ILr,. Hence, the current in both S2 and S3 is given by:
2Lr which becomes zero at t5. The corresponding current in both S2 and S3 is always lower than the load current, which is different to that in Mode I.
At t5 of Mode 6 (ts -t 6 ) , the current in both S2 and S 3 changes the direction. Thus, the resonant inductor current continues to increase, and exceeds the load current. When this inductor current becomes sufficiently high that the stored energy in the resonant inductors can charge and discharge the snubber capacitors, both S 2 and S 3 are turned off at t6. Therefore, the necessary condition for attaining softswitching is given by:
It should be noted that if the resonant inductors are overcharged, an unnecessary over-current and additional conduction loss will be resulted. On the other hand, if they are undercharged, the desired ZVS operation cannot be realised. Therefore, the softswitching condition largely depends on the duration of Mode 6.
At t6 of Mode 7 ( t 6 -t7), resonance between the resonant inductors and snubber capacitors begins to take place. At t7, C2 and C3 are charged to full voltage while C1 and C4 are discharged to zero, thus providing the desired zero voltage condition for turning on SI and s4.
At t7 of Mode 8 (t7 -te), the resonant inductor current starts to decrease while D1 and D4 become conducting. Thus, SI and S4 can be turned on with ZVS. At t g , the resonant inductor current equals the load current, and the current in both SI and S4 begins to conduct.
In Mode 9 (ts -t9), the resonant current continues to decrease linearly. At t 9 , the resonant inductor current decreases to zero so that Sr2 can be turned off with ZCS. The next operating stage is Mode 0, and the whole operating process repeats cyclically.
The proposed control scheme is to skip Mode 1 through Mode 3 to disable the operation of the auxiliary (L,,, + Lr*)(~,, -I,, 1, 2 (C, + c, + c, + C,>V,' (7) circuit because the natural freewheeling can occur. The typical theoretical waveforms are shown in Fig. 12(b) .
With the use of this improved control scheme, the auxiliary circuitry needs to operate only about one half of the original time, leading to significant reduction in the additional loss associated with the auxiliary circuit operation. Also, the over-current problem and the corresponding conduction loss in the main switches in the original Mode 1 can be eliminated.
IV. RESULTS
In order to illustrate the validity of the proposed control scheme, the steady-state waveforms of a practical A-RSI are shown with PSpice simulation results. The circuit parameters of this simulation are selected as V, = 120 V, Lrl = L,, = 5 pH and C1 = C2 = C 3 = C4 = 47 nF. The PSpice simulated waveforms are shown in Fig. 13 , which compare the cases of basic RSI and RSI with proposed control scheme. These simulated waveforms closely agree with the theoretical analysis. The measured waveforms of the resonant inductor current and load current for the two cases are shown in Fig. 14. Fig. 14(b) indicates that the auxiliary circuit is completely disabled in one current direction. To illustrate the efficiency improvement with the proposed control scheme, the total inverter power losses were measured for the following four cases: 1) hard-switching inverter, 2) RSI with fixed-timing control, 3) RSI with variable-timing control and 4) RSI with proposed control scheme. Fig. 15 clearly indicates that the proposed control scheme is most superior in terms of loss reduction. The major saving is mainly in the reduction of conduction loss in the auxiliary circuitry throughout the operating cycle and the elimination of conduction loss in the main switches during the periods with temporary over-current.
With the basic RSI operation, the temperature rises of the heat sinks for main switches and auxiliary switches were found at 12 "C and 46 "C, respectively. With the proposed control, the corresponding temperature rises were found only 7 "C for both switches, further demonstrating that there is a significant reduction in the inverter power loss. 
V. CONCLUSION
illustrate that the total power loss can be significantly reduced. The over-current problem in the main switches can be eliminated by adlopting the proposed control. Although the proposed approach has only been exemplified by using a A-RSI, it can readily be applied to the whole family of RSIs and extended to other softswitching inverters.
